A solid-phase enzyme immunoassay (EIA) was developed to detect bluetongue (BT) virus antigens in infected cell cultures and in suspensions of infected Culicoides variipennis midges. The technique was equally sensitive for detecting the five U.S. BT virus serotypes (2, 10, 11, 13, and 17) in cell cultures. EIA reliably detected about 3.8 loglo median tissue culture infective doses per ml of BT virus in infected cell culture lysates. The EIA readily detected virus antigens in pools of midges infected with BT serotypes 2, 10, 11, 13, and 17 and contained 2.3 to 4.8 loglo median tissue culture infective doses per ml of BT virus. The technique was sensitive enough to detect a single infected midge in a pool with 99 noninfected midges. The EIA may be a sensitive and rapid alternative to virus isolation for surveillance of BT viruses in vector populations.
Bluetongue (BT) is an arthropod-borne virus disease of wild and domestic ruminants. BT virus, the etiologic agent of the disease, is the prototype virus of the genus Orbivirus, family Reoviridae (19) . Twenty-four serotypes of the virus are recognized worldwide, and five serotypes (BT-2, -10, -11, -13, and -17) have been isolated in the United States (2, 6) . The disease is widely distributed and assumes additional economic importance because of restrictions on shipment of animals and germ plasm products from areas with endemic BT (21) .
Culicoides variipennis midges (Diptera: Ceratopogonidae) are the principal vectors of BT virus in the United States (17) . Procedures currently used for surveillance of BT viruses in vectors are unsatisfactory. Virus isolation in chicken embryos or in cell lines is the method most frequently used to detect BT viruses in arthropod vectors (18) . Although sensitive, virus isolation is laborious, slow, and expensive, and it may require elaborate laboratory and containment facilities (18) .
Rapid diagnosis of BT virus infections is required to provide veterinary health authorities adequate time to develop and deploy control measures, especially during epizootics. Enzyme immunoassays (EIA) have been used to detect rapidly, efficiently, and cost effectively a variety of arboviruses in infected arthropods (4, 10-13, 22, 24) . We report here the development of an antigen capture EIA to detect BT virus antigens in infected cell cultures and in C. variipennis pools.
MATERIALS AND METHODS
Virus propagation. The following virus serotypes were propagated in baby hamster kidney cells: (strain Ona-B), BT-10 (strain BT-8), Virus stocks were titrated in 96-well microculture plates (Becton Dickinson and Co., Lincoln Park, N.J.; 23).
Virus purification. The BT-10 virus used to immunize guinea pigs was purified by polyethylene glycol precipitation, tartrate gradient centrifugation, and pelleting through a 30% sucrose cushion. Purified virus was stored in multiple portions at -70°C. Purified virus and immunoglobulin G protein concentrations were assayed by using a dye-binding protein assay (Bio-Rad Laboratories, Richmond, Calif.).
Antibodies. (i) Capture antibody. Guinea pigs were hyperimmunized by a modification of the method of Halonen et al. (7) . In brief, the animals were inoculated intradermally four times at 3-week intervals. The first three injections contained 150 p.g of polyethylene glycol-precipitated, sucrose gradientpurified BT-10 proteins mixed with an equal volume of Freund incomplete adjuvant. The fourth inoculation contained 15 ,ug of virus proteins in the same adjuvant. A booster dose, containing 75 ,ug of purified virus proteins without adjuvant, was given intramuscularly 3 weeks after the last inoculation. Animals were bled 1 week later. Serum specimens were separated and precipitated with 50% (vol/ vol) ammonium sulfate, dialyzed against phosphate-buffered saline (pH 7.4), and stored at -20°C until used. Purified immunoglobulin G was obtained from these serum samples by using DEAE-Affi-Gel Blue chromatography (Bio-Rad; 14).
(ii) Detector antibody. Antibodies to BT-10 virus were prepared by hyperimmunization of mice as described by Brandt et al. (3) . Ascitic fluid was collected by paracentesis 38 days after immunization began and was stored at -20°C.
(iii) Conjugate. Horseradish peroxidase-conjugated goat anti-mouse (heavy and light chains) antibodies were purchased from Jackson ImmunoResearch Laboratory (West Grove, Pa.).
C. variipennis. Midges used were from the AK colony (Bruneau strain), which originated from field material collected in Idaho in 1973 (16) . This colony is maintained at the U.S. Department of Agriculture Arthropod-Borne Animal Diseases Research Laboratory. The midges were infected with the five serotypes of BT virus by intrathoracic inoculation with fine-glass needles (15) . Inoculated midges were maintained for at least 10 days at 26°C and 40%c relative humidity and then sacrificed and stored at -70°C until used in EIA. For the preliminary tests, the head was severed from each midge and examined for virus antigen by immunofluorescence (1). Thoraces and abdomens from midges containing virus antigen were combined with those from uninfected control midges to produce pools of known composition. In later tests, whole midges were used. Pools were triturated with a mortar and pestle in 1 ml of L-15 (Leibovitz) growth medium with 8% heat-inactivated fetal bovine serum and antibiotics. Pools were titrated for infectious virus in BHK-21 cells in 96-well microculture plates (23) .
EIA. In preliminary tests, optimal concentrations of reagents for EIA were determined by checkerboard titrations. Those selected were the highest dilutions giving maximal absorbance values and lowest background noise. Al] antibodies were diluted in phosphate-buffered saline (pH 7.2) containing 4% fetal bovine serum. All tests were performed in 96-well polystyrene plates (Immunolon-2; Dynatech Laboratories, Inc., Alexandria, Va.). The capture immunoglobulin G was diluted to 500 ng of protein per 100 in carbonate-bicarbonate buffer (pH 9.6) and used to coat each well of a 96-well plate (18 to 24 h at room temperature). After coating, the wells were washed five times (using a 500-ml washing bottle) with phosphate-buffered saline (pH 7.2) containing 0.05% Tween 20 (Sigma Chemical Co., St. Louis, Mo.). Portions (50 iul) of virus stock dilutions in L-15 growth medium or undiluted Culicoides pools were incubated in the wells for 1 h at 37°C. Plates were washed as described above, and 50 ,ul of pretitrated mouse anti-BT-10 ascitic fluid diluted 1:5,000 in phosphate-buffered saline-4% fetal bovine serum was then added to each well. After 1 h of incubation at 37°C, the plates were washed five times (as described above), and 50 ,u1 of goat anti-mouse antibody conjugated to horseradish peroxidase (1:10,000) was added to the wells. The plates were incubated for 1 h at 37°C and then washed five times. A 100->tl amount of substrate r2,2'-azino-bis(3-ethylbenzthiazoline 6-sulfonic acid); Sigma] in phosphate-citrate buffer (pH 5.0), containing 2 ,ul of 30%, HO, per 10 ml, was added, and plates were incubated in the dark at room temperature until green color developed in the wells approximately 30 to 40 min later. A410 was measured with a Dynatech MR600 microplate reader. Each sample was tested in triplicate, and the three absorbance values were averaged. The mean EIA absorbance value of the sample was considered positive if it exceeded the mean absorbance value plus 3 standard deviations of the corresponding negative control (uninfected cell culture lysate or uninfected Culicoides pool). The positive control was a BT-10 virus-infected cell culture lysate.
RESULTS
Detection of BT virus antigens in infected cell cultures. The EIA was essentially equivalent in sensitivity for detecting the five U.S. BT virus serotypes (Table 1 ). The EIA detected 3.8 logl" of the median tissue culture infective dose (TCID50) per ml of BT-2 and BT-11 viruses, 3.9 log1, of the TCID50 per ml of BTV-10, and 4 log1, of the TCID5, per ml of BT-13 and BT-17 (Table 1) . Since the diagnostic criterion was an absorbance value of-0.107, the absorbance values suggest that the limit of sensitivity with tissue culture-propagated virus was closer to 3 log1o.
Specificity of EIA. The specificity of the test for detecting BT viruses in cell cultures was demonstrated by using a related orbivirus, epizootic hemorrhagic disease virus. Undiluted virus antigen preparations were included in this Table 2) .
Detection of BT virus antigen in parenterally infected midges. To determine the minimum number of virus-infected midges detectable by EIA, pools containing one or three BT-10 virus-infected and different numbers of noninfected midges were constructed (Table 3) . These infected midges were first tested by immunofluorescence, and thoraces and abdomens of those that contained virus antigens were incorporated into the pools of noninfected midges (trial 1). The technique was sufficiently sensitive to detect a single infected midge in a pool of 99 noninfected midges ( Table 3 ).
The titer of one pool was 2.8 log,( TCID5,/ml. The subsequent experiment (trial 2) used the whole body (head, thorax, and abdomen) of an infected midge and different numbers of noninfected midges (Table 3) . Including the heads of infected midges, which contain substantial virus antigen (1), increased the absorbance values for the pool containing 1 infected and 49 noninfected midges but seemed to have little effect on the absorbance values of other pools (Table 3) .
Midges infected with one of the other BT virus serotypes were tested in pools of 50 that contained a single, putatively infected midge (head, thorax, and abdomen) ( Table 4) . Mean absorbance values ranged from 0.253 for one BT-17 virus pool to 0.115 for one BT-13 virus pool. In instances when virus was not isolated, the pools were also negative by EIA (Table 4) . Thus, the EIA detected in the midges al of the BT serotypes tested. b In trial 1, only thoraces and abdomens of infected midges were assayed. In trial 2, whole midges (head, thorax, and abdomen) were assayed. NT, Not tested.
C The diagnostic criterion for each pool size in each trial is also presented.
Effect of freeze-thawing on antigen detection in C. variipennis pools. The number of freezing-thaw cycles did not seem to affect the ability of EIA to detect BT-10 virus antigens in the pools (Table 5) . Pools yielded positive EIA results after six such cycles, when virus could no longer be isolated (Table 5) . DISCUSSION 11;3qIAs are simple, sensitive, rapid, and relatively inexpensive to perform (11, 13) . These advantages are particularly desirable for testing of arthropods for arboviruses because many potential vectors usually are assayed, and the rate of vector infection is low (25) .
Our studies indicate that EIA can be used to detect BT virus antigens in both cell cultures and infected C. variipennis. The technique detected all five U.S. serotypes of BT virus in cell cultures, which indicates that the capture antibody is group reactive. EIA also was sensitive enough to detect a single infected midge in a pool with 99 noninfected ones.
In experiments using cell culture lysates, the sensitivity limit was approximately 3.8 log1o TCID5dml. This level of 
